When subjected to loading or thermal shrinkage, reinforced concrete structures usually behave in a cracking state, which raises the risk of bar corrosion from the working environment. The influence of cover cracking on chloride-induced corrosion was experimentally investigated through a 654-day laboratory test on cracked reinforced concrete specimens exposed to chloride solution. The concrete specimens have a dimension of 100 mm × 100 mm × 400 mm and a single prefabricated crack at the midspan. When the percentage concentration of chloride ion (0.6%, 1.2%, 2.1%, 3.0%, and 6.0%) and crack width (uncracked, 0.2, 0.3, 0.4, and 0.5 mm) are taken as variables, the experimental results showed that the corrosion rates for cracked specimens increased with increasing percentage concentration of chloride and increasing crack width. This study also showed the interrelationship between crack width and percentage concentration of chloride on the corrosion rate. In addition, an empirical model, incorporating the influence of the cover cracking and chloride concentration, was developed to predict the corrosion rate. This model allows the prediction of the maximum allowable cr based on the given percentage concentration of chloride in the exposure condition.
Introduction
Uncracked concrete covering rebar provides a high pH value and physical barrier [1] in concrete to protect the rebars from the ingress of aggressive substances, such as chloride or sulfate, in a marine environment. Usually, improving the cover quality (such as reducing the water-to-binder ratio or using supplementary cementitious materials) raises the mechanical performance and durability of concrete. In practice, however, most concrete structures subjected to mechanical load or thermal shrinkage behave in a cracking state [2, 3] , leading to a higher risk of corrosion in reinforced concrete. The appearance of cracks allows a more rapid diffusion of aggressive ions and an earlier initiation of corrosion of reinforcement, especially when chloride exists in the service environment [4] [5] [6] . Therefore, the investigations on the corrosion mechanism and corrosion rate of rebars in cracked reinforced concrete subjected chloride environment are essential and have been the topic for numerous researches in decades.
In literature, the effect of cracks on the initiation and development of chloride-induced corrosion in cracked reinforced concrete elements has been widely studied by experiments under accelerated conditions. In experiments, accelerated corrosion is usually achieved by using one of several techniques, including the use of impressed current, admixed chlorides, chloride solutions, and the use of simulated concrete pore solutions. Ohno et al. [7] investigated the influence of a signal flexural crack and multiple flexural cracks on rebar corrosion. The results suggested that, in concrete with multiple cracks, the corrosion rate was much higher at certain one of the cracks than the others. Using concrete samples with manual cracks, Arya and Ofori-Darko [8] further indicated that samples with a small number of cracks had a lower corrosion rate than samples with a large number of cracks. Some influential parameters, such as the laboratory methods of making the cracks (precast cracks or loading cracks), the tortuosity of the cracks, and/or depth and width of the cracks, were reported to have significant effects on the penetration of chloride ion [9] . Within these parameters, the width of the cracks is the most influential one. Li [10, 11] found that chloride ions permeated the surface of rebar more rapidly when the crack width was larger than 0.1 mm, which allowed an earlier initiation of corrosion of the reinforcement. Schiessl and Raupach [12] suggested that both the width and depth of the crack were related to the risk of initiation of reinforcement corrosion, whereas the width of the crack had a more remarkable influence on the corrosion initiation. Montes et al. [13] and Ohno et al. [14] found that the width of the crack influenced the corrosion rate up to 0.5 mm and that, in cracked concrete elements, the corrosion rate was 10 times higher than in uncracked elements. Through a long-time exposure experiment for beam samples, however, François and Arliguie [15] and Vidal et al. [16] concluded that the appearance of transverse cracks and the crack width (no more than 0.5 mm) had a minimal effect on the corrosion process of reinforced concrete elements. Jaffer and Hansson [17] found that corrosion only occurred on the rebar surface in the vicinity of the transverse cracks in cracked reinforced concretes when exposed to chlorides and that the uncracked regions far from the transverse cracks were usually passive. Though considerable research has been carried out on the accelerating rebar corrosion, the influence of cracking on corrosion rate can hardly be quantitatively described. Furthermore, more efforts are prerequisite to reveal the combination influences of both the width of crack and the chloride concentration. This paper presents an experimental investigation on the corrosion mechanism and rate of transverse-cracked reinforced concrete beam samples immersed in NaCl solution. A long term experiment of 654 days was carried out and the crack width and concentration of chloride ions were taken as the influential variables. Based on the potential and polarization tests using an electrochemical station, the preliminary experimental results of the impact of crack width and concentration of chloride ions on the corrosion rate are reported herein.
Experimental Investigation

Specimens and Materials.
The tests were carried out on the prism concrete specimens with dimensions of 100 × 100 × 400 mm 3 and the transverse cracks were prefabricated at the middle span of the test specimens, as shown in Figure 1 . Plain round bars were centrally embedded in concrete with a clear thickness of concrete cover of 40 mm. Concrete with the target design compressive strength of 35 MPa, that is, C35, was prepared for the tests and the mix proportions are shown in Table 1 . The compressive strength of concrete was tested on the cubic specimens (with side length of 150 mm) at the age of 28 days and the average compressive strength is 37.55 MPa.
Plane round reinforcing bars with yielding strength of 235 MPa, that is, Q235, were used as working electrodes for the specimens and the element component of rebar is shown in Table 2 . The plain round rebars are prepared with a diameter of 20 mm and a length of 440 mm. The coating of rebar was firstly removed through polishing by grinding machine and sandpaper. Both ends of the rebar (about 20 mm) were then coated with epoxy. As a result, the length of the corrosion region of the working electrode is 400 mm and the exposed surface area approximates 251.2 cm 2 .
2.2.
Cracking the Specimens. Based on literature [18] , improved fabrication process has been developed to prefabricate the cracked concrete specimens, which is schematically shown in Figure 1 . To prefabricate a transverse crack in the midspan of the specimens, each specimen was cast in two parts. Firstly, a steel plate with a size of 100 mm × 100 mm was fixed at the midst of the steel mold. A thin plastic slice with size of 150 mm × 100 mm was placed beside the steel plate and then attached to the steel plate. Holes of 20 mm Advances in Materials Science and Engineering diameter were prefabricated at the center of the side plates of mold, steel plates, and plastic slices. The plain round rebars were longitudinally placed at the center of the mold through the holes at the side plates of mold, steel plates, and plastic slices. Secondly, the first half of the mold was filled with the prepared concrete and vibrated by the vibrating table. After curing in the steam conditions for 7 hours, the steel guard fixed at the midspan was removed. Thirdly, the second half of the molds was filled with the prepared concrete which had the same material and mechanical properties of the concrete for the first half. After another 7 hours of curing, the specimens were demolded from the molds and then thin plastic slice was removed from the specimens. At last, prism specimens were water-cured for 7 days in the laboratory. The variation of the width of the transverse cracks was performed by using the thin plastic slice with different thicknesses. When no thin plastic slice was used, uncracked specimens, that is, crack width 0 mm, were prepared. In summary, the nominal widths of transverse cracks were 0 mm, 0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm.
Rapid Ion Penetration Test.
A series of rapid ion penetration tests were conducted with the experiment setup as shown in Figure 2 . For each specimen, four side surfaces of the specimen were coated with epoxy, and the other two surfaces, which are on opposite sides of the sample, were left uncovered. All specimens were firstly submerged in clear water for 24 hours before the experiment and then they were immersed in the NaCl solution. There are 25 working conditions designed for the experiment, with two test variables including the concentration of the chloride ion and the width of prefabricated cracks. The concentrations of the chloride ion (Cl − ) are 0.6%, 1.2%, 2.1%, 3.0%, and 6.0% by weight of the solution, respectively. And the crack widths of prefabricated cracks are 0, 0.2, 0.3, 0.4, and 0.5 mm, respectively.
Electrochemical Measurement Methods
Open circuit corrosion potential and polarization tests were carried out in this research. A three-electrode system was utilized to monitor the test data, in which the rebar embedded in concrete was taken as the working electrode, and a saturated calomel electrode (SCE) and a platinum electrode were used as the reference electrode and the counterelectrode, respectively. The reference electrode and the platinum electrode were placed on the surface of the concrete cover, spaced 2 cm apart and positioned close to the crack. The electrochemical analysis system is shown in Figure 3 .
Open circuit corrosion potential measurements were conducted on the first day after the specimens were immersed in the chloride solution. Afterwards, they were conducted 51 times on the specimens during the experimental period.
Polarization tests were also conducted on the first day after the starting of the experiments and then were conducted 51 times by sweeping the potential at a rate of 1 mV/s over a potential range of ±40 mV versus the corrosion potential. The change of potential, Δ , was given by the difference of the open circuit potential and the corrosion potential, as shown in
where is the potential conducted and corr is the corrosion potential measured in open circuit corrosion potential test. Since the current density was proportional to the current recorded by electrochemical workstation, the current density can be given by
where is the corroding area of rebar (251.2 cm 2 in this study).
The current density , the change of potential Δ , and the corrosion current density corr are corelated, and the corrosion current density ( corr ) can be given by
where corr , , and can be calculated from the -Δ plot [19] .
Results and Discussions
The results of the corrosion rate and the open circuit corrosion potential were collected for 654 days (nearly 24 months) at the exposure condition. As a result, there is adequate tested data to perform statistical analyses. The value of each point in the time-varying curve is the average value of the replicated specimens under the same experience condition.
For the figures in which elapsed time is taken as horizontal axis, "Day zero" means the day when the specimens were just exposed to the experiment environment. Measurements were taken 6 hours after the specimens were immersed in the respective chloride solutions. "Average corrosion" refers to the arithmetic mean value of the measured corrosion rates from day 96 to day 654. In this study, the arithmetic mean value of measured corrosion rate during the plateau phase (between days 96 and 654) was adopted to make the empirical equation more representative, with the variable of time excluded. In this case, the seasonal weather changed from summer to winter, the maximum temperature was approximately 27.8 ∘ C, and the minimum temperature was approximately 7.5 ∘ C.
The Time-Developed Corrosion Rate.
The recorded corrosion current density, derived from the polarization measurements, is plotted with respect to the elapsed time as shown in Figure 4 . The results show that the uncracked specimens had low corrosion current densities, whereas the cracked specimens had much higher ones. This result indicates that the appearance of cracks in the concrete produced a significant increase in the corrosion rate. This reason is probably associated with the exposure of the rebar to the chloride solution without a concrete cover. The results also show that an increasing crack width ( cr ) results in an increased corrosion rate (i.e., corrosion current density). It is found that the corrosion rates initially decreased with elapsed time within the first week of the experiments. This is mainly attributed to the decrease in temperature and the decrease in concentration of the dissolved oxygen, which sustained the corrosion process. After 13 weeks of exposure in the respective environments, the corrosion rate tended to decay and reach a steady-state value. When plotting the corrosion rate versus time, therefore, it can be seen in Figure 4 that corr basically attained a constant value after 13 weeks.
In this study, the corrosion which produces a value of the corrosion rate greater than 0.1 A/cm 2 (meaning a corrosion depth rate of 1 m/year) is considered as active corrosion. From this point of view, all these cracked specimens exhibited an active state of corrosion during the latter part of the experiment period (654 days). For the uncracked specimens, however, most of them were kept passive in the solutions with a lower concentration of chloride except for the specimen in the 6.0% chloride solution.
The influence of the concentration of chloride on the corrosion rate is also investigated in the study. With increasing concentration of chloride in the solution, the results in Figure 4 show that the corrosion rate has been remarkably increased. In the presence of 0.6% chloride, the corrosion rate varied from 0.05 to 0.25 A/cm 2 , as shown in Figure 4 (a), whilst the corrosion rate was in the range of 0.35∼1.0 A/cm 2 in the presence of 6.0% chloride, as shown in Figure 4 (e).
It should be noted that, during the long term exposures, for uncracked specimens, passivity rupture was detected at chloride concentrations greater than 3.0%. This result means that 3.0% is the critical chloride concentration for uncracked specimens to produce active corrosion. Figure 4 shows that, in these solutions, the corrosion rate for cracked concrete was greater than 0.1 A/cm 2 for most exposure time points, except for the sample with a 0.2 mm crack exposed to the 0.6% chloride solution. Therefore, the threshold values of chloride concentration were also obtained in these experiments for cracked concrete. The result is simply that the minimum value of crack width, which is also called the critical crack width, is a function of the concentration of chloride.
Effect of Crack Width and the Concentration of the Chloride Solution on the Corrosion Rate.
As pointed in the above section, the corrosion rates would reach steady-state values after 13 weeks for specimens subjected to different chloride solution. Thus, the average corrosion rate for each group of specimens is taken as the mean value of corrosion rates from day 96 to day 654. Figure 5 presents the comparisons of the average corrosion rates for specimens at the same experiment condition (the same concentration of chloride solution) but with different crack widths. The maximum and minimum values of corr were obtained from the following equations:
corr,max = corr,average + ,
where corr,average is the mean value of corrosion rate and is the standard deviation.
The results show that averaged corrosion rate generally increased with increasing crack width ( cr ) (in the order of uncracked < 0.2 mm < 0.3 mm < 0.4 mm < 0.5 mm). In addition, the same trend was noticed when the chloride concentration was the independent variable; that is, the average corrosion rate increased with increasing chloride concentration in the order of 0.6% < 1.2% < 2.1% < 3.0% < 6.0%.
The average corrosion rates of uncracked specimens in all solutions were less than 0.1 A/cm 2 . However, for cracked specimens, the average corrosion rates were higher than 0.1 A/cm 2 , except for the concrete specimens with 0.2 mm crack exposed to the 0.6% chloride solution. The results show that, for cracked concrete, both the crack width and the chloride concentration should be limited to decrease the corrosion rate. This investigation suggests that the limit of the crack width is 0.2 mm, and the limit value of chloride concentration is less than 0.6%. If these two requirements are not both satisfied, the corrosion rate might be more than 0.1 A/cm 2 . The correlations among crack width ( cr ), chloride concentration of solution, and corrosion rate will be established as follows.
The correlation between the average corrosion rate and the concentration of chloride solution is presented in Figure 6 . The figure shows that, in an accelerated corrosion experiment, for a given crack width, the corrosion rate increases with the increasing concentration of chloride solution. Moreover, a high correlation degree can be found between the average corrosion rate and the concentration of chloride solution (Adj. -Square generally >0.75) for a given crack width. In general, the trends between the corrosion rate and the concentration of chloride solution shown in Figure 6 can be expressed as follows:
where ( A/cm 2 ) and (-), presented in Table 3 , are coefficients depending on crack width and is the concentration of Cl − solution.
The correlation between the average corrosion rate and the crack width ( cr ) is presented in Figure 7 . For a given concentration of chloride solution, the average corrosion rate can be found increased with the increasing crack width. In general, the trends between the corrosion rate and the crack width shown in Figure 7 can be expressed as follows: where ( A/cm 2 ) and d (-), presented in Table 4 , are coefficients whose values are dependent on concentration of chloride solution. For uncracked specimens, the value of cr is equal to zero; thus the data for uncracked specimens is not shown in Figure 7 . The general relationships of the corrosion rate with the crack width and concentration of chloride solution have been presented in (5) and (6) . For the purpose of developing an empirical prediction model, both the concentration of the chloride solution and the crack width should be incorporated in a single equation to predict the corrosion rate of cracked specimens. When the coefficients c and d in (6) are both incorporated, the effect of crack width and concentration of chloride solution, therefore, (5) and (6) can then be combined in a single equation. It should be noted that the values for c and d can be fit to the data for cracked specimens from 
After the coefficients c and d in (6) were then replaced with those in (7), the resulting empirical prediction model for corrosion rate is given in (8) . 
A comparison between the predicted corrosion rate from (8) and the measured average corrosion rate has been conducted in Figure 8 . The results in this figure indicate that the predicted corrosion rate is in good agreement with the corresponding measured average corrosion rates. For illustration purposes, the graphical representations of (8) (i) The corrosion rate is sensitive to both the crack width and the concentration of chloride solution.
(ii) When the chloride concentration is less than 2.7%, cr could be kept less than 0.05 mm to limit the corrosion rate less than 0.1 A/cm 2 . Analogously, for crack of 0.1 mm and 0.2 mm width, the chloride concentrations must be less than 1.5% and 0.9%, respectively, to limit the corrosion rate less than 0.1 A/cm 2 . (iii) The critical chloride concentration to limit the corrosion rate less than 0.1 A/cm 2 increases with decreasing crack width. (i) For a given experiment environment, the corrosion potential became less negative in the following order: uncracked < 0.2 mm crack < 0.3 mm crack < 0.4 mm crack < 0.5 mm crack.
Open Circuit Corrosion
(ii) It should be noted that the addition of chloride ions produced a shift of corr towards lower value because, in the presence of chloride ions, a passivity breakdown occurred, and the potential decreased with increasing chloride concentration.
The relationship between the corrosion potential and the corrosion rate is shown in Figure 12 rate; that is, higher corrosion rates corresponded to more negative corrosion potentials.
Conclusions
Concrete cover of RC element provides protection to rebar from corrosion. It is widely recognized that uncracked concrete performed significantly better than cracked concrete components when RC elements are subjected to an ion-rich environment. A series of experimental investigations have been carried out on cracked concrete prisms in the study to evaluate the influences of both crack width and concentration of chloride solution on corrosion performance. Based on the experimental results, an empirical prediction model for chloride-induced corrosion rate of cracked RC elements was proposed. Furthermore, the following conclusions can be drawn:
(1) The appearance of cracks in concrete significantly increased the corrosion rate, and, for a given exposure environment, the corrosion rate increases with increasing crack width.
(2) For a given crack width, the addition of chloride ions noticeably increased the corrosion rate.
(3) An empirical model which incorporated the influence of crack width and the concentration of chloride solution was proposed to predict the corrosion rate. This model can specify the maximum allowable crack width and chloride concentration to achieve a corrosion rate below a desired value.
(4) For cracked reinforced concrete, both the crack width and chloride concentration should be limited. With increasing values of critical chloride concentration, the corresponding crack width to limit the corrosion rate to less than 0.1 A/cm 2 limit decreases.
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